There are conflicting reports about the effectiveness of perfluorocarbons used in the two-layer method (TLM) of pancreas preservation for human islet transplantation. The mechanism of action is unclear and the optimal role of this method uncertain. The study design was a meta-analysis of the evidence that TLM improves islet isolation outcomes. Pubmed, CENTRAL, EMBASE, Science Citation Index, and BIOSIS were searched electronically in January 2008. After selecting the relevant human trials for meta-analysis data relating to donor variables, study design, primary and secondary islet isolation outcomes were extracted. Electronic searches identified eight unique citations, describing 11 human studies that were eligible for the meta-analysis. When comparing TLM with preservation in University of Wisconsin (UW) solution, there was a statistically significant higher islet yield [WMD 711.55, 95% confidence interval (CI) 140.03-1283.07] in the TLM group. The proportion of transplantable preparations obtained was not significantly different (OR 1.30, 95% CI 0.89-1.88) between the two groups. The rate of successful islet isolations for marginal organs was higher in the TLM group (OR 6.69, 95% CI 1.80-24.87). Improved oxygenation and preservation of cellular bioengertics is thought to be the main underlying mechanism, although no single mechanism has yet been confirmed. There is currently no clear evidence that the TLM is beneficial in human islet transplantation. It may improve the preservation of marginal organs.
INTRODUCTION
46% at 6 months and to 16% at 3 years, underscoring the need for further refinements in technique (4). The need to transport recovered organs from distant The current renewed interest in clinical islet transplantation was triggered by the unprecedented success hospitals to centralized islet isolation facilities requires significant periods of cold storage. Cold ischemia is det-of the Edmonton group in achieving 100% insulin independence in seven patients with brittle type 1 diabetes rimental to islet yield (1, 19) and adversely influences posttransplant islet function (31) . The ischemic index, (32) . This success was attributed to several key innovations in their protocol, such as transplanting fresh islets which takes into account both the cold ischemia time and the number of transplanted islets, correlates with the in adequate numbers and minimizing the diabetogenic effects of immunosuppressive regimen. The adoption of insulin secretory response as expressed by insulin area under the curve derived from intravenous glucose toler-this protocol has vastly improved islet transplantation results and the latest registry data combined from 31 ance test (31) . Reducing preservation injury will thus prolong the viability of islets for successful graft out-active centers in the US and one European center, collected from 292 allograft recipients between 1999 and come. Preservation by the two-layer method (TLM) using perfluorocarbon (PFC) has been advocated as a su-2006, indicate that 67% of these patients achieve insulin independence at least once (12.4% before institution of perior preservation technique for maintaining islet viability (26) . It is also claimed that this technique can the Edmonton protocol) (4). The rate of insulin independence following the last islet infusion then declines to resuscitate islets that have sustained ischemic damage and improve islet yield and quality from marginal or-following strategy was used for Pubmed: ("Fluorocarbons" [MeSH] OR perfluorocarbon OR perfluorocarbons gans (25, 29) . The success of islet transplantation from single donors has recently been attributed to the imple-OR fluorocarbon OR perfluorochemical OR perfluorochemicals) AND ("Islets of Langerhans Transplantation" mentation of the two-layer method (9). The fact remains, however, that the only report of a 100% rate of insulin [MeSH] OR ((islet OR islets OR island OR islands) AND (transplantation OR transplantations))). Equivalent independence following islet allograft transplantation was the result of transfusing fresh islets and this result strategies were used for other databases. has not been replicated, even with the increasing utiliza-Inclusion and Exclusion Criteria tion of PFCs for pancreas preservation. The appropriate role of the two-layer method in human islet transplanta-All studies published in the English Language that compared the outcome of preserving pancreas with UW tion remains to be established.
The TLM was introduced by Kuroda et al. in 1988 solution versus the TLM for islet transplantation were considered for meta-analysis. Exclusion criteria were as as a means of minimizing cold preservation injury (16) . It was postulated that the continuous supply of oxygen follows: 1) nonhuman studies; 2) any preservation studies comparing the outcomes of whole-organ pancreas to the pancreas when stored at the interface between PFC and University of Wisconsin (UW) solution pro-transplantation; 3) any modification of the two-layer method of preservation (as defined below); 4) personal tected the organ from hypoxia and maintained adequate tissue energy levels with the prevention of cellular communications. swelling. PFCs are chemically inert synthetic fluorinated Definitions hydrocarbons. They owe their nonreactive properties to the exceptional strength of the C-F bond (approx 466
Two-layer method-preservation of deceased donor pancreas in the interface between UW solution and oxy-kJ/mol) and the excellent steric and electronic protection that the fluorine sheaths confer on their underlying car-gen-charged perfluorodecalin at 4°C on ice either immediately following organ retrieval (TLM alone) or after bon skeletons (20) . Due to fluorine's low polarizability PFC liquids have weak intermolecular forces-a prop-preliminary cold storage in UW solution (UW followed by TLM). The PFC was either continuously oxygenated erty that explains the high solubility coefficient for respiratory gases. At 37°C the solubility of O 2 is typically by bubbling oxygen at a given flow rate or charged with oxygen before preservation (static oxygenation). 15-20 times higher and that of CO 2 approximately three times higher than that in plasma (2). Gas molecules dis-Primary end-point: transplantable preparationsislet isolations that resulted in clinical transplantation or solve physically and occupy "cavities" within the PFC as the latter cannot bind gases chemically. Thus, whereas were judged by standard Edmonton criteria as suitable for clinical transplantation. hemoglobin exhibits the typical sigmoid oxygen dissociation curve, PFCs are characterized by a linear rela-Secondary end-points: islet yield-islet recovery postpurification in islet equivalents per gram of pan-tionship between gas solubility and partial pressure, approximating to Henry's law. PFC-dissolved oxygen is creas. Islet purity-percentage of islet to nonislet tissue. Islet viability-assessed by fluorescent inclusion and immediately available to tissues and is characterized by high extraction ratios. Moreover, the ease of O 2 dissocia-exclusion dyes and expressed as a percentage, all recorded in accordance with the criteria established at the tion and release to tissues is preserved at low temperatures.
1989 International Workshop on Islet Assessment in Minneapolis (30). Although the TLM of pancreas preservation using PFC has been exhaustively studied in animal models Data Extracted (pigs, dogs, and rats), the mechanism of action is still poorly understood. Moreover large-scale trials in hu-
The data extracted included: 1) year of publication; 2) country of study; 3) study design; 4) donor pancreas mans demonstrating significant superiority over conventional cold storage are lacking. The purpose of this study variables [age, gender, body mass index (BMI), and sample size]; 5) methods of preservation used for com-was to perform a systematic analysis of the human studies comparing the results of pancreas preserved by the parison (UW alone, TLM alone, short or long period of UW cold storage followed by TLM); 6) cold ischemia TLM with those preserved in chilled UW solution for islet transplantation. time (CIT); 7) primary outcome measure-final results in terms of the number of transplantable preparations METHOD obtained (i.e., the proportion of islet isolations that were Search Strategy successful); 8) secondary outcome measures-islet isolation outcomes in terms of islet yield, purity, and viabil-Pubmed, CENTRAL, EMBASE, Science Citation Index, and BIOSIS were searched until January 2008. The ity; and 9) statistical methods used for analysis.
Statistical Methods nonrandomized and the remaining five studies were retrospective. There was a statistically significant higher Meta-analysis was performed using Revman Analyislet yield (WMD 711.55, 95% CI 140.03-1283.07) in ses 1.0 (Revman 4.2.8 provided free by the Cochrane the TLM group in comparison with the UW group ( Fig.  Collaboration, Copenhagen) . The meta-analysis was per-1). There was no significant difference in purity of the formed by using the random-effects model if the statistiislet preparations (WMD −0.32, 95% CI −3.92-3.27) or cal heterogeneity as measured by Higgins' I 2 was 25% the islet cell viability between the groups (WMD 1.95, or greater (7,10). Otherwise the fixed-effect model (6) 95% CI −6.28-10.18), and the proportion of transplantwas used. For continuous variables, weighted mean difable preparations obtained was not significantly differference (WMD) with 95% confidence interval (CI) was ent (OR 1.30, 95% CI 0.89-1.88) (Fig 1) . Donor varicalculated. For dichotomous variables, odds ratio (OR) ables (age, gender, BMI, and pancreas weight) did not with 95% CI was calculated. In the absence of suitable differ significantly between the two experimental groups. data available for meta-analysis from two or more studies, the results were tabulated and the statistical signifi-Preservation in UW Followed by TLM Versus UW. cance at p = 0.05 was indicated. A subgroup analysis
Five studies compared the resuscitative effect of TLM including only the randomized controlled trials was per- (25, 28, 29, 35) . In the TLM after UW group, TLM was formed wherever possible.
used after an initial period of cold storage in UW solution. There was a statistically significant higher islet RESULTS yield (WMD 1325.15, 95% CI 490.86-2159.45) in the study (TLM) group, although islet purity (WMD −4.40, A total of 90 citations were identified through elec-95% CI −11.11-2.31) and viability (WMD 3.20, 95% tronic searches of Pubmed (n = 26), CENTRAL (n = 0), CI −0.02-6.43) were not significantly different in the EMBASE (n = 26), Science Citation Index (n = 24) and two groups. The rate of successful islet isolations was BIOSIS (n = 14). Eight publications were identified that higher in the TLM after UW group (OR 6.69, 95% CI met our inclusion criteria for a meta-analysis (3,14,25, 1.80-24.87) (Fig. 2 ). This last outcome was reported in 26,28,29,34,35). One of these (25) contained a report of two of the five studies (29,35): one with marginal dotwo different experimental sets: one studying the effect nors (age >50 years) and the other with marginal organs of the TLM on pancreas after a short period of storage (>10 h cold storage), both concluding that exposure to (less than 12 h) and the other after prolonged preservathe TLM improved islet viability in marginal organs. Of tion (up to 24 h). Another publication (3) stratified the particular note, in the second study the TLM was used data into three sets based on duration of cold ischemia only for an average duration of 3 h (2.9 ± 0.7 h). There (0-<6 h, 6-<12 h, and 12-18 h). These were considered was no significant difference in the donor characteristics as separate studies, giving a total of 11 studies that were between the groups. finally combined for the meta-analysis.
Of the eight publications, two were randomized con-Preservation in UW Followed by TLM Versus UW trolled trials (RCT) (25, 35) , three were prospective non-(RCT Only). Three of the studies qualifying for the sysrandomized studies (26, 28, 29) , and the remaining three tematic review were randomized (25, 35) . Meta-analysis were retrospective (3,14,34). The sample size was by far of these three RCTs revealed that although islet yield the largest in the retrospective studies (n = 142, 166, and was significantly higher in the TLM group (WMD 200). The sample size in the remaining six study reports 1763.14, 95% CI 1102.82-2423.47) there was no signifvaried from 9 to 33. Three different preservation condiicant difference between the two groups in terms of putions were compared in these studies: cold storage in rity, viability, and the proportion of transplantable prep-UW alone, cold storage by TLM immediately after orarations (OR 4.50, 95% CI 0.63-32.29) obtained. Donor gan procurement, and storage in UW solution for short age, gender, and BMI were similar in the two randomor prolonged period followed by additional period of ized groups. However, across the studies, weight of the storage by TLM. Most studies compared the results of pancreas was higher in the UW group (WMD −16.82, UW storage alone with either of the latter two methods 95% CI −29.39 to −4.24). (TLM alone: six studies; UW followed by TLM: four Preservation in UW Followed by TLM Versus TLM. studies). There was one nonrandomized trial that com-One prospective nonrandomized study compared TLM pared all three preservation methods (28).
after UW group (initial preservation in cold UW solution followed by TLM) with TLM alone (28 tively). No data on the rate of successful isolations were information size for the meta-analysis for 80% statistical power with an alpha level of 0.05 was estimated to be available. Donor BMI and pancreas weight were not significantly different among the groups. 480 organs in each group) and the possibility of bias in retrospective studies cannot be excluded. The donor DISCUSSION variables (age, gender, BMI, and pancreas weight) were not significantly different between the groups with a sin-The lack of a clear mechanism of action and the variable reports of efficiency from clinical studies (most of gle exception. In the randomized trial subgroup the pancreas weight was significantly higher in the UW arm. which were small) suggested a meta-analysis may help to clarify the contribution of TLM to pancreas preserva-
The significance of this observation is unclear, and definite conclusions cannot be drawn as this difference was tion for islet transplantation. No significant clinical diversity was identified in the study reports included in not significant in the individual studies and the sample size was small (n = 48). the meta-analysis and overall methodological quality was good. Three of the 11 studies included in this re-Correlation Between Preservation Technique view were randomized controlled comparisons, correand Human Islet Isolation Outcomes sponding to 7.7% (48 of 622) of the pooled sample size. As even the pooled sample size in the subgroups was This meta-analysis indicated that exposure of the pancreas to the TLM significantly improves islet yield. relatively small, the possibility of a beta error for some of the outcome measures cannot be excluded (optimal However, the effect on islet purity and viability is not consistently superior to that obtained after conventional largest retrospective analysis of 142 patients, Tsujimara et al. crucially observed that 8-10 h of cold ischemia in cold storage. Explanation for this apparent conflict is not obvious. There is evidence that some components of UW solution was the critical point for successful islet isolations. They also concluded that with preservation UW solution have an inhibitory effect on collagenase digestion of human pancreas (5). The perfluorocarbon in times of 4 h or less, there was no difference in islet isolation outcomes between the TLM and UW groups TLM might counteract this effect. However, a beta error cannot be ruled out due to small data sets. The results (34) . A more recent large-scale study analyzed islet isolation outcomes after stratification of 200 human pancre-of the final subgroup analysis (between UW + TLM and TLM) can be explained by the prolonged cold ischemia ases based on the duration of cold ischemia, and found no protective effect of TLM on organs after short or time in the former group (26.6 ± 4.9 vs. 11.0 ± 2.2 h). This would seem to contradict the observation by other extended CIT (3). They concluded that ischemic tolerance of human pancreas could not be improved by the groups that the TLM can restore islet parameters after UW-induced preservation injury (29, 35) . In the third TLM. There was no increase in the proportion of transplant-proved in all transplant recipients (35). Similarly, Kin et al. found no difference in the percent reduction in insu-able preparations using TLM. This would suggest that TLM has only limited ability to maintain islet viability.
lin requirements between TLM islet and UW islet recipients, even after stratifying the patients by the number of This lack of evidence of effect in the primary outcome measure between the TLM and UW groups was not con-islet infusions they had received (14). Ramachandran et al. found no significant difference between the preserva-sistent across studies. Only two (n = 366) of the four publications analyzed concluded that there was no sig-tion groups with respect to performance in vivo after transplantation in diabetic SCID mice (28). None of the nificant difference in the proportion of transplantable preparations obtained between the two groups. In con-studies gave any indication of a difference between TLM preservation compared with UW solution. trast, the other two studies (n = 151) found a beneficial effect in the study group. A type 2 error in the individual Evidence of a beneficial effect of the TLM for routine clinical application is therefore lacking. For mar-studies might be the reason for this discrepancy.
The only scenario where a higher rate of transplant-ginal organs, there is supportive evidence indicating that both primary and secondary outcome measures may im-able preparations resulted from exposure to PFC in this meta-analysis was when marginal organs were com-prove with PFC exposure. Notably, none of the studies reported any specific adverse clinical outcome attribut-pared in two studies. The authors suggested that the TLM may have the ability to preserve and resuscitate able to perfluorocarbon use. damaged pancreas and therefore have a clinical applica-Critical Evaluation of the Mechanism of Action of TLM tion in this setting. However, the sample size was small (n = 54) and one of the two studies was not randomized.
In a series of experiments in a canine model of autotransplantation, Kuroda's group observed that tissue ox-In their subgroup analysis, Caballero-Corbalan et al. found that in the cohort of elderly donors (n = 61/200) ygenation of the TLM-preserved pancreas was maintained at a high level for prolonged periods and this oxygenation with TLM failed to improve islet isolation outcomes (3). Therefore, definite conclusions cannot be correlated with a high ATP content and improved graft survival (13). They also observed that TLM had the abil-drawn and further studies are required to confirm this observation.
ity to resuscitate pancreatic grafts that had sustained up to 90 min of prolonged warm ischemia (18) . Moreover, Correlation Between Preservation Technique they found that PFCs also improved the viability of vasand Clinical Outcomes cular endothelium and microcirculation and reduced ischemia reperfusion injury in conjunction with increased Although not the end point for this meta-analysis, the most important outcome measure of islet isolation is the expression of heat shock proteins (8, 15, 24) . It has been shown in a primate model that exposure to PFC by functional performance of islets following portal infusion. Eight of the 11 studies reported the success rate of means of the TLM lowers trypsin levels at the end of pancreatic distension and digestion. There is also evi-islet isolation from organs in the different preservation conditions. None of these studies, however, systemati-dence that zymogen granule release from exocrine tissue that normally occurs after prolonged cold storage is pre-cally recorded complete information on immediate or follow-up in vivo functional outcomes following trans-vented when the pancreas is preserved by the TLM, suggesting that one of the functions of PFC is to stabilize plantation. Tsujimara et al. observed that fasting glucose, C-peptide, and glycosylated hemoglobin levels im-endogenous enzyme activity (11). Kuroda and col-2. Biro, G. P.; Blais, P. Perfluorocarbon blood substitutes.
leagues have also observed that rat pancreas preserva- microvascular endothelium against cold ischemic injury during preservation by the two-layer method. Transplanta-
